Liver metastasis is a major lethal complication associated with colon cancer, and post-intravasation steps of the metastasis are important for its clinical intervention. In order to identify inhibitory microRNAs (miRNAs) for these steps, we performed 'dropout' screens of a miRNA library in a mouse model of liver metastasis. Functional analyses showed that miR-493 and to a lesser extent miR-493* were capable of inhibiting liver metastasis. miR-493 inhibited retention of metastasized cells in liver parenchyma and induced their cell death. IGF1R was identified as a direct target of miR-493, and its inhibition partially phenocopied the anti-metastatic effects. High levels of miR-493 and miR-493*, but not pri-miR-493, in primary colon cancer were inversely related to the presence of liver metastasis, and attributed to an increase of miR-493 expression during carcinogenesis. We propose that, in a subset of colon cancer, upregulation of miR-493 during carcinogenesis prevents liver metastasis via the induction of cell death of metastasized cells.
Introduction
Colon cancer is the second leading cause of cancer-related death in the western world, and the third in the entire world (http://globocan.iarc.fr/). A major cause of the lethality of colon cancer is distant metastasis, especially metastasis to the liver, which is found in B60% of colon cancer patients (Hess et al, 2006) . In spite of recent progress, overall curative effects of chemotherapy, radiotherapy, and liver surgery for liver metastasis are dismal, resulting in a high rate of lethality for patients (Cunningham et al, 2010) .
The development of liver metastasis of colon cancer is, like many other types of cancer metastasis, the result of a sequence of events that cancer cells pass through successfully (Gupta and Massagué, 2006; Chaffer and Weinberg, 2011) . First, tumour cells acquire motility through a transforming process called epithelial mesenchymal transition (EMT), and break through the basement membrane into surrounding tissues. Second, the transformed cells intravasate local blood vessels that lead to a major portal vein, and survive in the blood stream. Third, the survived cells settle in liver parenchyma. Finally, cancer cells that settle in a new environment restart proliferation to form a metastatic foci.
For successful formation of metastatic foci in the liver, the final two steps of metastasis seem challenging, because the cells must adapt to the harsh microenvironment of the liver. On the other hand, the former steps seem relatively easy to be overcome due to direct blood circulation via portal veins and the porous nature of liver sinusoids (Chambers et al, 2002) . Thus, the biological mechanisms by which the metastatic cells settle and proliferate in liver parenchyma are of particular interest for clinical intervention (Shibue and Weinberg, 2011) .
In spite of the potential importance of the regulation of metastasis, our knowledge of the regulatory mechanism of the settlement and proliferation of metastatic cells in the liver is still limited. It is unclear which gene or network of genes plays a regulatory role in determining whether cancer cells successfully settle and grow in the liver. This is partly due to difficulties in setting up an appropriate in vitro system in which the effects of potential regulatory genes on metastatic cells can be evaluated. Without such a system, it is difficult to systematically search for functional regulators of tumour proliferation in the liver. Systematic screening of such regulators in experimental animals in vivo is an alternative, but such an attempt has not been reported, probably due to associated technical difficulties.
Accumulating reports have firmly established microRNAs (miRNAs) as one of the central players that regulate many aspects of cancer progression, including regulation of metastasis (Lotterman et al, 2008; Dumont and Tlsty, 2009; Iorio and Croce, 2009; Nicoloso et al, 2009; Ventura and Jacks, 2009) . miRNA is B22 nt RNA in its mature form, and produced from its precursor mRNA (pri-miRNA) after sequential processing (Winter et al, 2009) . Mature miRNA, by forming an RISC complex with other associated proteins, inhibits its downstream target genes by regulating mRNA stability and translation of their products (Bartel, 2009; Winter et al, 2009) .
Like other types of cancer, many miRNAs are differentially regulated during the development of colon cancer (Dong et al, 2011) , and some have been shown to play regulatory roles. While most of such regulatory miRNAs are involved in cell proliferation and apoptosis of colon cancer, some are involved in the regulation of metastasis. For example, miR-21, miR-26, miR-31, miR-141, miR-145, miR-196, and miR-200 were shown to be associated with the migration/invasiveness of colon cancer, miR-107 with angiogenesis, and the miR-200 family with stem cell-like properties (de Krijger et al, 2011; Wu et al, 2011) . However, the phenotypes of these regulatory miRNAs were, in general, linked to the early stages of metastasis, and no miRNA has been identified that is clearly responsible for the last stages, that is, settlement or proliferation of metastasized cells in the liver or other distant target organs.
In order to identify regulatory miRNAs that inhibit these post-intravasation steps of liver metastasis, we performed a functional screening of miRNAs that inhibit the metastasis of colon cancer cells under experimental settings that reflect the final metastatic processes. Because 'dropout' assays have been successfully used to isolate genes and miRNAs that inhibit cell growth and the invasion of cancer cells (Voorhoeve et al, 2006; le Sage et al, 2007; Huang et al, 2008; Schlabach et al, 2008; Izumiya et al, 2011) , we utilized the genetic power of dropout assays to isolate anti-metastatic miRNAs in a mouse model of liver metastasis. The following analyses revealed that miR-493 and miR-493* were capable of inhibiting the settlement of colon cancer cells in the liver parenchyma, at least in part by inducing their cell death. Possible roles of miR-493 in regulating liver metastasis, in light of their expression profiles in clinical specimens, are discussed.
Results

Functional screening for miRNAs that inhibit liver metastasis of colon cancer cells
We aimed to functionally isolate miRNAs that inhibit liver metastasis under experimental conditions in which the settlement of metastatic cells into the liver parenchyma via portal vein is reproduced ( Figure 1A ). We introduced a GFP-expressing lentivirus library that expresses miRNA precursors from mini-miRNA genes (a mixture of 445 human miRNAs) into HCT116 colon cancer cells, and a pool of the library-introduced cells was injected into the spleen of immunocompromised NOG mice. Two weeks after the injection, the development of liver metastasis was observed as multiple GFP-positive foci on liver surfaces while a fraction of the cells proliferated in the inoculated spleen ( Figure 1B) . GFP expression in the cancer cells allowed us to visualize the process of liver metastasis as reported previously (Wang et al, 2004) .
While metastatic foci were formed on liver surfaces ( Figure 1B ), GFP images ( Figure 1C ), and HE staining ( Figure 1D ) of liver sections revealed that they were also formed in the liver parenchyma. HE staining of metastasized liver at an early stage (day 5 after splenic injection) indicated that the metastasized foci were generally localized in the vicinity of E-cadherin-positive areas surrounding the portal triads ( Figure 1E ). These data and previous reports (Bouvet et al, 2006) indicate that the generated metastasis was indeed disseminated through a portal vein after splenic injection.
In order to isolate miRNAs that inhibit liver metastasis, library-introduced cells were recovered from the spleen and liver 2 weeks after splenic injection, and DNA fragments of library miRNAs that were integrated into the genome of infected cells were amplified by PCR. Subsequently, the fragments were labelled either with Cy3 (miRNAs isolated from spleen) or with Cy5 (miRNAs isolated from liver), and used for two-colour microarray analyses in order to quantify the Cy5/Cy3 ratio of each library miRNA. This 'dropout' screen has been successfully employed by other groups (Voorhoeve et al, 2006; Huang et al, 2008; Schlabach et al, 2008) as well as in our previous studies (Izumiya et al, 2010; Tsuchiya et al, 2011) to isolate genes that inhibit cell proliferation. We repeated the screening four times (the dropout assays were performed with the genomic DNA isolated from the two independently injected mice in duplicate), and identified 25 miRNAs whose expression induced 410-fold reduction of the Cy5/Cy3 ratios on average (Supplementary Table S1 ; Figure 1F ). Of the 25 miRNAs, 7 miRNAs (miR-128a, miR-668, miR-657, miR-493, miR-583, miR-659, and miR-125b) induced statistically significant reduction (Po0.01) of the Cy5/Cy3 ratios ( Figure 1F ).
miR-493 expression inhibits liver metastasis of colon cancer cells
In order to quantitatively determine if the candidate miRNAs identified by screening inhibit liver metastasis, HCT116 cells were individually infected with GFP-expressing lentiviruses that express the corresponding miRNA precursor, mixed with cells infected with RFP-expressing lentiviruses (HCT116/RFP) at a 1:1 ratio, and injected into the spleen of NOG mice to generate liver metastasis ( Figure 2A ). Two weeks after injection, the extent of inhibition of liver metastasis was examined by evaluating the ratios of the number of GFP-or RFPpositive cells from metastasized liver by GFP/RFP dual imaging of metastatic foci ( Figure 2C ) or by quantification of GFP-and RFP-positive cells by flow cytometry ( Figure 2B ). We speculated that two types of miRNAs are selected after the screening; miRNAs that inhibit attachment or proliferation of the cancer cells in the liver, and those that induce them in the spleen. This validation step should identify miRNAs that belong to the former, and eliminate the latter.
GFP/RFP dual imaging showed that the formation of GFPpositive foci was markedly inhibited by introducing the viruses that expressed precursors of miR-493, or miR-125b, while the formation of RFP-positive foci was not significantly affected in either case ( Figure 2C ), indicating that these miRNAs inhibited formation of the metastatic foci in the liver. The other candidate miRNAs did not cause apparent inhibition of GFP foci ( Figure 2B and unpublished results). In accordance with these observations, quantification of the ratios of a number of GFP-and RFP-positive metastasized cells demonstrated that miR-493 expression caused the strongest inhibition of liver metastasis while miR-125b and let-7e also showed significant inhibition ( Figure 2B ). Proliferation of miRNA-introduced cells in vitro under normal culture conditions revealed that the expression of miR-125b or let-7e, but not miR-493, apparently inhibited cell growth (Supplementary Figure S1A) , indicating that the inhibitory effects of miR-125b and let-7e may be mainly caused by general inhibition of cell growth. Therefore, we focused on analysing miR-493 functions in the following studies.
From the miR-493 precursor introduced by the lentiviruses, a minor starform of miR-493 (miR-493*) as well as authentic miR-493 can be produced. In fact, examination of miRNA expression revealed that both forms of miRNAs were expressed in the infected HCT116 ( Figure 2E ). Examination of the levels of endogenous miR-493 and miR-493* by RT-qPCR indicated that neither form of miRNA was expressed in any colon cancer cells examined, while they were expressed in FHC, normal colon epithelial cells ( Figure 2D ). The levels of miR-493 and miR-493* in FHC cells approximately correspond to 25 and 10% of those of the infected HCT116 cells ( Figure 2E ).
In order to determine which miRNA, miR-493 or miR-493*, was responsible for the inhibitory effect on liver metastasis, we transfected miRNA mimics of each form into GFP-expressing HCT116 cells (HCT116/GFP), and their inhibitory effects on liver metastasis were examined in liver metastasis assays. For liver metastasis assays, the inhibitory effect was evaluated by counting the number of GFP/RFP fluorescent foci 14 days after the splenic injection. For in vitro growth assays, the same mixture of cells was grown under normal culture condition for 14 days, and the GFP/RFP ratios were calculated by flow cytometry.
Interestingly, both forms of miRNA were capable of inhibiting liver metastasis ( Figure 2F and G), and miR-493 and miR-493* caused B20-fold and B5-fold reduction of the GFP/RFP ratio, respectively ( Figure 2G ). In contrast, miR-493 and miR-493* caused only an B2.6-fold and B2.1-fold reduction of the ratio in cells that proliferated in spleen (Supplementary Figure S1B) . Likewise, growth of cells transfected with miRNA mimics in vitro under normal culture conditions showed that introduction of miR-493 or miR-493* caused only an B2.5-fold reduction of GFP/RFP ratios (Supplementary Figure S1C) . These results suggest that the inhibitory function of the miRNAs cannot be attributed to mere inhibition of cell growth and are at least in part associated with liver metastasis. We also examined the inhibitory effects of miR-493 on DLD-1, another colon cancer cell line. DLD-1 cells were transfected with the miRNA mimics and used for the splenic injection. Because metastasized DLD-1 cells grow slowly and it is difficult to obtain a sufficient number of cells to quantify GFP/RFP ratio by flow cytometry (unpublished results), the number of foci was counted from the GFP/RFP dual image to evaluate their effects on liver metastasis. Introduction of miR-493 or miR-493* caused an B4-fold or B2.5-fold inhibition of liver metastasis, whereas both caused an B2-fold inhibition of the GFP/RFP ratios under normal culture conditions ( Figure 2H ). Thus, miR-493 and to a lesser extent miR-493* were capable of inhibiting liver metastasis in at least two different colon cancer cell lines.
miR-493 expression induces cell death of colon cancer cells in metastasized liver
Next, we attempted to determine the mechanisms by which miR-493 or miR-493* inhibits liver metastasis. In order to determine whether the inhibitory effects of miR-493 can be observed during early phases of the experiments, we examined GFP/RFP dual images 2 and 4 days after splenic injection. Evaluation of GFP/RFP ratios indicated that miR-493 expression did not significantly affect liver metastasis on day 2, but caused marked inhibition on day 4 ( Figure 3A and B) . HE staining of metastasized liver indicated that the transfected HCT116/GFP cells were found in liver parenchyma 2 days after the splenic injection (Supplementary Figure S2A) . Combined with the data presented in Figure 3A and B, these results indicate that miR-493 induced reduction of metastatic cells that already entered liver parenchyma.
In order to determine whether the marked reduction of GFP-positive foci by miR-493 on day 4 was caused by accelerated cell death in the liver parenchyma, Alexa 488-labelled Annexin V was injected via the tail vein on day 3 after the splenic injection of miRNA-transfected HCT116/RFP. Evaluation of a fraction of Annexin V-positive cells indicated that miR-493 markedly stimulates the induction of cell death of metastatic cells ( Figure 3C ). Thus, it is likely that the induction of cell death contributes to the inhibition of liver metastasis by miR-493.
Unexpectedly, transfection of miR-493* caused moderate induction of cell death ( Figure 3C ), although the GFP/RFP ratio did not significantly change between day 2 and day 4 ( Figure 3B ). Given that the number of RFP-positive foci was somewhat reduced when co-injected with miR-493*-transfected HCT116/GFP cells ( Figure 2F ), miR-493* may induce cell death not only in miR-493*-expressing cells but also in neighbouring metastatic cells in a cell non-autonomous manner. In contrast to the marked increase of cell death in metastasized liver (Figure 3C ), introduction of either miR-493 or miR-493* did not cause a significant increase of a fraction of Annexin V-positive cells in vitro under normal culture conditions (Supplementary Figure S2B) . The lack of induction of cell death by miR-493 in in vitro condition was further supported by analyses of cells with a sub-G1 DNA content (data not shown). Thus, our data indicate that the induction of cell death by miR-493 is associated with liver metastasis.
IGF1R is a direct target of miR-493 and partially mediates the inhibition of liver metastasis by miR-493
In order to clarify the molecular mechanisms of miR-493-mediated inhibition of liver metastasis, we looked for its direct targets. We narrowed down the target genes by combining two criteria: (1) a combination of predicted targets from three in-silico programs (Targetscan, PITA, miRanda), (2) genes reduced by 42-fold after miRNA expression. Our functional analyses presented in Figure 2 suggest that miR-493* is less effective than miR-493 in inhibiting metastasis. In addition, predicted targets of miR-493* were not reported in two (Targetscan and PITA) out of the three programs. Therefore, we focused on identifying targets of miR-493 in the following studies.
A combination of the two criteria revealed that there are eight predicted targets whose expression was reduced by 42-fold after miR-493 expression ( Figure 4A ; Supplementary  Table S2 ). Because miR-493 induces the cell death of metastasized cells ( Figure 3C ), IGF1R is of particular interest due to its known roles in cell survival and promotion of metastasis of various types of cancer, including colon cancer (Ewing and Goff, 2010) . In fact, the introduction of miR-493 mimic or the infection with miR-493-expressing lentiviruses inhibited the expression of IGF1R, whereas other miRNAs, except miR125b, did not suppress its expression ( Figure 4B ). The predicted target site for miR-493 is located near the 3 0 end of the 3 0 UTR of the IGF1R gene ( Figure 4C ). Functional luciferase assays indicated that the 3 0 UTR of IGF1R was repressed by miR-493, and mutation of the predicted target site completely abolished the repression ( Figure 4D ), indicating that miR-493 directly targets IGF1R for suppression via its 3 0 UTR. In contrast, other miRNAs (miR-493*, let-7e, miR-125b, miR34a, miR-668) did not inhibit the same 3 0 UTR (Supplementary Figure S3A) . Thus, inhibition of the 3 0 UTR of IGF1R by miR493 is specific among miRNAs. Inhibition of IGF1R by miR-493 was also observed in DLD-1 ( Figure 4E ; Supplementary Figure S3B ), indicating that miR-493 is capable of inhibiting IGF1R expression in at least two colon cancer cells.
In order to examine whether the repression of IGF1R mediates the anti-metastatic effects of miR-493, IGF1R expression was inhibited by transfection of corresponding siRNAs in HCT116/GFP ( Figure 4F ), and the transfected cells were used for functional analyses of liver metastasis as performed in Figure 2F . Inhibition of IGF1R caused 30-40% reduction of liver metastasis ( Figure 4G ). Annexin V staining of the inhibited cells revealed that inhibition of IGF1R caused B3-fold increase of cell death ( Figure 4H ). In order to determine whether IGF1R inhibition is required for miR-493-mediated suppression of metastasis, IGF1R-expressing lentiviruses were used to infect HCT116/GFP cells (Supplementary Figure S3C) . IGF1R overexpression partially alleviated miR-493-mediated inhibition of liver metastasis (Supplementary Figure S3D) . These data collectively indicated that IGF1R inhibition partly mediates the effects of miR-493 on the suppression of liver metastasis.
A high level of miR-493 expression is associated with the absence of liver metastasis of colon cancer
Given the observed roles of miR-493 in suppressing liver metastasis, we were interested in examining whether high levels of miR-493 expression in human colon cancer are associated with the absence of liver metastasis. Therefore, we measured the levels of miRNAs in surgical specimens from primary colon cancers by RT-qPCR assays. The 44 cases that were examined were classified into 3 groups; cases without liver metastasis (19 cases), with metachronous metastasis (12 cases), and with synchronous metastasis (13 cases). Among these groups, there was no significant difference (P40.05 by one-way ANOVA) in terms of age, gender, location, or size of tumours (Supplementary Table S3 ).
Average levels of miR-493 and miR-493* from primary cancer specimens without liver metastasis were B2-fold and B3-fold higher than those with synchronous metastasis, respectively, whereas their levels in specimens with metachronous metastasis were between those from the other two specimens ( Figure 5A and B). Of note, none of the primary cancers with synchronous liver metastasis showed high levels of miR-493/miR-493* expression. It is unlikely that low levels of these miRNAs in primary tumours with liver metastasis were caused by alteration of the genomic loci because chromosomal loss of 14q32.2, the genomic region encompassing miR-493, was not commonly observed with these tumours by allelic copy number analyses (Izumiya et al, unpublished data) . In contrast to miR-493 and miR-493*, levels of miR-34a, another tumour-suppressive miRNA (Hermeking, 2007; Tazawa et al, 2007) , did not show an inverse relationship with the formation of liver metastasis ( Figure 5C ).
Using the same set of the tumour specimen, we also examined the expression of the six other miRNAs whose expression caused statistically significant inhibition of liver metastasis in the initial screening ( Figure 1F ). Because expression of miR-583 was not detectable in most of the samples, we analysed the remaining five miRNAs (miR-128a, miR-668, miR-657, miR-659, and miR-125b) . Remarkably, none of these miRNAs showed the statistically significant differences among the three groups (Supplementary Figure  S4A-E) . These results indicated that the expression of miR-493/miR-493* was specifically elevated in a subset of primary tumours without liver metastasis, which is in agreement with their inhibitory roles in liver metastasis.
In contrast to liver metastasis, we did not observe significant reduction of levels of miR-493 or miR-493* in tumours with lung metastasis (Supplementary Figure S4F and G) . Thus, the formation of liver metastasis is specifically associated with the reduced levels of these miRNAs in primary tumours.
In contrast to miR-493 and miR-493*, levels of their precursor (pri-miR-493) were not significantly altered among these specimens ( Figure 5D ). In fact, while levels of miR-493 and miR-493* were highly correlated (Pearson's correlation: r ¼ 0.883), neither was positively correlated with those of pri-miR-493 (r ¼ À0.303 and r ¼ À0.168, respectively) ( Figure 5E ). These results suggest that high levels of miR-493/miR-493* in a subset of cancer cells without liver metastasis were not caused by an increase of their precursor, but by enhanced processing of the precursor into mature miRNAs.
Because IGF1R was inhibited by miR-493 (Figure 4) , we examined whether expression of IGF1R is increased in primary cancers with liver metastasis. Immunostaining of IGF1R of the same primary tumour demonstrated that IGF1R was expressed at higher levels in tumours with synchronous metastasis than those without metastasis ( Figure 5F ), although inverse correlations between levels of IGF1R immunostaining and those of miR-493 or miR-493* were rather moderate (r ¼ À0.353 and r ¼ À0.404, respectively). Figure 3C .
Thus, the high levels of miR-493 may partly contribute to the reduced levels of IGF1R in tumours without liver metastasis.
miR-493 expression is induced during carcinogenesis in a subset of colon cancers
Finally, we examined whether miR-493/miR-493* expression is regulated during colon carcinogenesis using the same sets of tumours (without liver metastasis and synchronous metastasis) and corresponding non-tumour specimens. As demonstrated in Figure 5A and B, levels of miR-493 and miR-493* expressions were high in a subset of tumours without liver metastasis, and comparison of tumour and non-tumour specimens revealed that the high levels were attributed to their elevation during carcinogenesis ( Figure 6A and C). On average, miR-493 and miR-493* were increased by B2-fold and B4-fold, respectively, during carcinogenesis of colon tumours without liver metastasis, whereas the induction of these miRNAs was significantly less in tumours with synchronous metastasis (Figure 6B and D) . Thus, high levels of miR-493/miR-493* in a subset of tumours without liver metastasis are attributed to their induction during colon carcinogenesis.
In contrast to miR-493/miR-493*, the significant elevation of miR-34a or miR-125b was not observed during carcinogenesis of colon tumours without liver metastasis (B1.3-fold for miR-34a and B1.2-fold for miR-125b; Supplementary Figure  S5A-D) . These data indicate that the increase of miR-493 during carcinogenesis in a subset of tumours with liver metastasis is unique among miRNAs.
Interestingly, miR-125b expression is apparently reduced during carcinogenesis of colon tumours with synchronous metastasis (B0.36-fold; Supplementary Figure S5C and D) . Thus, given the inhibitory role of liver metastasis of miR-125b ( Figure 2B ), the reduction of miR-125b in colon tumour may also contribute to the generation of liver metastasis.
Discussion
A functional 'dropout' screen has been applied to identify genes and miRNAs that play inhibitory roles in cell proliferation or invasion of human cancer cells (Voorhoeve and Agami, 2007; Izumiya et al, 2011) . Here, we extended its application for more complicated biological process, that is, regulation of liver metastasis. This was made possible by the use of highly immunodeficient NOG mice that show high efficiency for the metastasis of human cells (Hamada et al, 2008) , in combination with relatively small complexity of the library (445 miRNAs). In addition, use of RFP-positive cells as internal controls and measurement of GFP/RFP ratios as readouts for the inhibitory effect allowed us to quantitatively evaluate the effects of the identified miRNAs on liver metastasis. Presumably, a similar screening strategy will be applied to identify miRNAs, other types of non-coding RNAs, or shRNAs for a subset of genes, that can inhibit various types of distant metastasis in the future. Through dropout screening using a mouse model of liver metastasis, we demonstrated that miR-493 induces the cell death of metastasized cells and inhibits liver metastasis of colon cancer cells. In addition, miR-493*, a starform miRNA that is derived from the same precursor, was also capable of inhibiting of liver metastasis. Expressions of two metastasis inhibitory miRNAs from the same precursor may co-operate to strengthen their inhibitory effects on liver metastasis.
An inverse correlation between miR-493 expression and the tendency to develop liver metastasis, considering its inhibitory roles against metastatic cells, strongly suggests that high levels of miR-493 prevent liver metastasis in human colon cancer. Remarkably, high levels of miR-493 expression in a subset of colon cancer were attributed to their induction during carcinogenesis. Hence, in some tumours, the induction of miR-493 during carcinogenesis may protect them from developing liver metastasis, while in others a lack of the induction may facilitate the formation of metastasis ( Figure 6E ).
The anti-metastatic functions of miR-493 are somewhat reminiscent of that of some known tumour suppressors, such as p53 (Vousden and Prives, 2009) , which are activated in response to a variety of carcinogenic signals: carcinogenesis may trigger the induction of miR-493 in some colon cancers as one of cellular responses to prevent liver metastasis, although it is uncertain whether the induction functions to inhibit early stages of cancer development as well. The reduced miR-493 expression in primary tumours with liver metastasis, but not with lung metastasis (Supplementary Figure S4F and G) suggests that the antimetastatic effects of miR-493/miR-493* are specific to liver metastasis. The 'seeds and soil' theory of metastasis proposes that efficient formation of metastasis depends on the interaction between metastatic cells and the targeted organs in a tumour microenvironment (Nguyen et al, 2009; Psaila and Lyden, 2009; Langley and Fidler, 2011) . In this context, clarification of miR-493 function may aid future understanding of why colon cancer cells preferentially metastasize in the liver.
While the expression of miR-493 and miR-493* is highly correlated in primary colon tumours, expression of pre-miR-493, their precursor, is not related to either. These observations suggest that the processing of pre-miR-493 may play a regulatory role in the induction of miR-493/miR-493* during carcinogenesis. Recently, it has been shown that some of the crucial regulators against carcinogenesis, such as p53, ATM, or TGF-b, are involved in the processing of miRNA precursors (Suzuki and Miyazono, 2011; Zhang et al, 2011) .
miR-493 expression induced cell death of the metastasized cells concomitantly with their disappearance from the liver (Figure 3) . Therefore, it is likely that induction of cell death is the mechanism by which miR-493 inhibits liver metastasis. Interestingly, both miR-493 and miR-493* were capable of inhibiting phosphorylation of Akt ( Figure 4B ), and the inhibitory function of these miRNAs on Akt may contribute to the reduced survival of cells that were metastasized in liver. On the other hand, we found that miR-493 expression decreases invasion activity in standard Matrigel assays (Supplementary Figure S2C) . Considering that HCT116 is EMT (À) cells that express high levels of E-cadherin (Park et al, 2008) , it is not clear whether a further decrease of invasiveness of HCT116 cells is involved in the inhibition of liver metastasis in our assays.
Our data in Figure 4 firmly established IGF1R as a novel target of miR-493. IGF1R promotes the survival and metastasis of several types of cancer, including colorectal cancer (Ewing and Goff, 2010) , and is regarded as a potent therapeutic target against them (Chitnis et al, 2008; Ewing and Goff, 2010) . In fact, blockade of its ligand using neutralizing antibodies reduces liver metastasis of colorectal cancer cells (Miyamoto et al, 2005) . In accordance, our data indicate that IGF1R enhances liver metastasis ( Figure 4G ), and promotes cell survival in the liver ( Figure 4H ). Thus, it is likely that enhanced survival of IGF1R is partly responsible for the function of miR-493 to inhibit metastasis, although the suppression of IGF1R alone cannot explain the inhibitory function of miR-493 (Supplementary Figure S3D) , and there are possibly other target genes that co-operate with IGF1R. Future investigation will clarify the full picture of miR-493 targets and their functions on liver metastasis.
Given the metastasis-inhibitory function of miR-493, increasing levels of miR-493 may be effective in preventing liver metastasis, especially for patients who suffer from primary colon cancer with low levels of miR-493. Given the potential of miRNAs for therapeutic applications (Trang et al, 2008; Iguchi et al, 2010; Petrocca and Lieberman, 2011) , this may be done by administrating miR-493 or its agonist analogues. Alternatively, stimulation of the processing of its precursor may induce levels of endogenous miR-493. In either case, elevation of miR-493 levels may become an effective adjuvant therapy against liver metastasis in the future.
Materials and methods
Cell lines and plasmids
All colon cancer cells and their derivatives were cultivated in Dulbecco's MEM supplemented with 10% FCS. miRNA precursorexpressing lentivirus plasmids were purchased from System Biosciences (CA, USA). In order to create a lentivirus plasmid that expresses IGF1R, an IGF1R cDNA fragment was amplified from FHC-derived cDNA and ligated into pLenti6-DEST (Invitrogen). A luciferase reporter for 3 0 UTR of IGF1R (psicheck-IGF1R-UTR) was created by inserting a 420-bp 3 0 UTR DNA fragment spanning the predicted miR-493 target site into the 3 0 end of Renilla luciferase of psicheck2, a dual-luciferase reporter plasmid (Promega). A luciferase reporter with the mutated 3 0 UTR (psicheck-IGF1R-UTR-mut) was generated by substituting five nucleotides at the miR-493 target site with In Vitro Mutagenesis kit (Stratagene).
Lentivirus production and infection
Lentivirus plasmids were co-transfected with pLP1, pLP2, and pLP/VSVG (Invitrogen) into 293FT cells (Invitrogen), and viruscontaining supernatants were prepared according to manufacturer's instructions. For lentivirus infection, cells were incubated with virus-containing supernatants in the presence of 6 mg/ml polybrene. For infection of the lentiviruses that express IGF1R or their control viruses, infected cells were selected in the presence of 8 mg/ml blasticidin. For infection of GFP-expressing viruses for miRNA expression, flow cytometry analyses (FacsCalibur, Becton Dickinson) were performed to confirm that 490% of cells were infected.
Functional screening of miRNAs that inhibit liver metastasis HCT116 cells were infected with a human miRNA precursor expression lentivirus library that expresses GFP (System Biosciences) with 6 mg/ml polybrene. Judging from a fraction of GFPpositive cells, 80-90% of cells were infected with the virus. A pool of library-infected cells (1 Â10 6 cells) was suspended in medium containing 50% Matrigel (Becton Dickinson), and injected into the spleens of 8-week-old NOG (NOD/Shi-scid IL2rg null ) mice (Central Institute for Experimental Animals, Tokyo, Japan).
Two weeks after the splenic injection, dissected livers and spleens were minced, treated with 1 mg/ml DNase I (Roche Applied Science) and 1 mg/ml collagenase I (Roche Applied Science) for 30 min at 371C, and filtered with a 100-mm cell strainer (BD Falcon). Subsequently, the library-introduced cells were isolated through centrifugal purification in phosphate-buffered saline containing Histodenz (Sigma, MO, USA). Isolation of genomic DNA, amplification and Cy5/Cy3 labelling of DNA fragments spanning libraryintroduced miRNA, and analyses of Cy5/Cy3 ratio of each miRNA using the custom-made microarrays were performed as previously described (Izumiya et al, 2010) .
Liver metastasis assays HCT116 cells were infected with lentiviruses that express miRNA and GFP (System Biosciences) or with control lentiviruses in the presence of 6 mg/ml polybrene. Alternatively, HCT116/GFP or DLD-1/GFP (2 Â10 5 cells) cells were transfected with 4 pmoles of siRNAs (Invitrogen) or 6 pmoles of miRNA mimics (pre-miR miRNA precursors; Ambion) in the presence of 20 ml Hiperfect (Qiagen) for 2 days. Subsequently, the GFP-positive cells were mixed with HCT116/RFP or DLD-1/RFP at a 1:1 ratio, suspended in normal growth medium containing 50% Matrigel, and injected into spleen of NOG mice (2-4 Â 10 5 cells). A fraction of the cell mixture before the injection was used for flow cytometry analyses to accurately measure original ratios of GFP/RFP-positive cells.
In all, 1-14 days after splenic injection, the inhibitory effects of siRNA or miRNA on liver metastasis were evaluated by GFP/RFP imaging (OV110; Olympus), or by measuring the ratios of GFP/RFPpositive cells by flow cytometry after recovering metastasized cells from livers as described above. The inhibitory effect of each oligonucleotide was calculated by comparing the GFP/RFP ratios before and after liver metastasis.
